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The broad use of ferroelectric oxide films as capacitors in 
dynamic random access memories (DRAMs) has been developed, 
and ferroelectric random access memories (FeRAMs) are now also 
important commercial products as non-volatile memories.[1] 
Considerable ferroelectrics research has been focused on growth 
in integration density of FeRAMs, with the latest commercial 
device in production an 8 Mb PZT memory from Texas 
Instruments. However, all FeRAMs are still planar-stacked 
devices, even though the International FeRAM Roadmap[2] 
suggests that FeRAM structures must become three-dimensional 
(3D) by 2010 to accommodate requisite storage density. 
Recently hybrid approaches are being tried, whereby structures 
using nanowires or nanotubes are grown, rather than patterned and 
etched[3-5]; and this is a possible solution to maintain the growth in 
integration density. For ultra-high integration density DRAMs, 
metal-dielectric insulator/carbon-nanotube/metal layers on multi-
wall carbon nanotubes (MWCNTs) normal to substrates have 
already been fabricated with plasma enhanced chemical vapor 
deposition (PECVD).[6] We believe that the combination of 
ferroelectric thin films and MWCNTs can be a great candidate for 
reducing capacitor size in integrated FeRAM circuits. However, 
ferroelectric-MWCNTs structures have never been fabricated 
because MWCNTs would not survive the deposition process for 
crystalline ferroelectric thin films; the latter require crystallization 
at high temperatures with oxygen ambient, an environment in 
which the CNTs would literally burn up. 
On the other hand, the liquid source misted chemical deposition 
(LSMCD) technique was developed[7] as a novel deposition 
technique for multi component oxide thin films and has been used 
to fabricate various kinds of thin films,[8-11] such materials as 
ferroelectrics and  high-k dielectrics.  One of the primary 
advantages of LSMCD technique is that it uses chemical solution 
deposition (CSD) precursors that are not subjected to high 
temperature during the deposition process, and the crystallization 
process with high temperature in oxygen ambient is complete in a 
matter of minutes, so that the thermal budget is quite small. In 
addition, this deposition scheme uses ordinary sol-gel precursors 
but eliminates spin coating, so that three-dimensional nano-
structures can be produced, including nanotubes and nano-wires. 
The approach to achieve ferroelectric-MWCNT structures with 
LSMCD techniques allows the possibility of overcoming the 
combustion of MWCNTs during the deposition for crystalline 
ferroelectric thin films.  
Also, the excellent step coverage performance of LSMCD 
process is essential to achieve conformal coating of ferroelectric 
films on MWCNTs. Morrison et al[12] successfully demonstrated 
conformal coating on walls of porous Si holes with high aspect 
ratio of 100 or more via the LSMCD technique, and individual 
free-standing regular arrays of SrBi2Ta2O9 ferroelectric nanotubes 
of diameter 400 nm to a few microns were obtained. Many groups 
have also fabricated nano/micro tubes with related infiltration 
techniques[13-16] that gave wetting and complete filling of the pore 
wall of porous templates by source precursors; evaporating the 
precursors thereby yielded nano- or micro-tube structures. 
However, such infiltration-derived nano/micro tubes are 
unsuitable for convex structures, such as vertical free-standing 
nanowires. 
In the present work we have modified the conventional LSMCD 
technique to achieve conformal coating of 3D nanostructures by 
applying low temperature heating to both the mist and the 
template during deposition. As a specific embodiment of the 
process, we give details here of the deposition of ferroelectric 
Pb(Zr,Ti)O3 (PZT) on MWCNT arrays.  
The MWCNTs arrays used in this work were grown by PECVD 
on Ni catalyst dots on Si wafer. NH3 was used as a plasma 
enhancer and growth promoter. After exposing the substrate under 
plasma, C2H2 was introduced into the chamber to trigger the 
MWCNTs growth at 5-10 Torr. A detailed description of 
MWCNTs growth through this process can be found elsewhere.[17] 
PZT films were deposited onto the MWCNT arrays. The 
metalorganic decomposition-type PZT solution (17 wt%) 
synthesized by Kojyundo Chemical Laboratory Co., Ltd. (Japan) 
was used as the starting material. The composition of the solution 
in the ratio of Pb/Zr/Ti was 1.1/0.4/0.6. The concentration of metal 
components in the precursor solution was adjusted to 4 wt% by 
diluting PZT starting material with methyl ethyl ketone. The 
precursor solution was converted to mist by an atomizer. A pipe 
located between an atomizer and nozzle is heated at 140/300oC, 
and heated mist sprayed out vertically on the top of MWCNT  
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Figure 1. SEM images of PZT films deposited onto MWCNTs at template temperature of 120oC with mist heated at 140oC (a), and template 
temperature of 260oC with mist heated at 300oC (b). 
arrays at atmospheric pressure. This MWCNT template was also 
heated at 120/260oC during the mist deposition. The deposited 
PZT precursor layer was transformed into amorphous oxide layer 
by pyrolysis at 300oC for 3 min and subsequently crystallized with 
tube furnace at 650oC for 5 min under oxygen flow of 2 L/min. 
Figure 1 presents scanning electron microscope (SEM) images 
of PZT film deposited on MWCNTs after crystallization. The PZT 
film in Figure 1a was deposited at template temperature of 120oC 
with mist heated at 140oC. The so-called Stone-Walls (SW) 
defects, which are pairs of adjacent five and seven member rings 
and are commonly present on the CNT walls, are generally 
accepted as active defect sites, helping here the deposition of the 
PZT. Usually CNTs can be oxidized to CO2 gas in an oxygen 
atmosphere at temperatures above 400ºC because they consist of 
carbon atoms connected to each other by covalent bonds. However, 
and despite of this implementation of high temperature annealing 
under oxygen ambient needed to crystallize PZT film, the survival 
of MWCNTs can be explained taking into account the amorphous 
oxide layer, pyrolyzed at 300ºC for 3 min. This protecting shell 
encapsulating the CNTs avoids their complete oxidation, in a 
similar way as when encapsulated in ceramic materials, protecting 
the CNTs at temperatures up to 700ºC.[18] However, the higher 
resolution image in the inset of Figure 1a clearly indicates that 
most of the coating occurs near the bottom of the MWCNTs. This 
result suggests that the majority of the deposited precursor slides 
down the sides of the tubes, as the mist is still too “wet”. Figure 
1b shows the surface images of PZT coated MWCNTs with higher 
deposition temperature of template and mist, 260oC and 300oC, 
respectively. In contrast with lowered temperature deposition, the 
film morphology is completely continuous and the film coverage 
is conformal around the tip and the bottom of the MWCNTs in the 
inset of Figure 1b. Moreover, as can be seen in the lower 
resolution image in Figure 1b, this perfect conformality was 
achieved over a large area.  
To evaluate the step coverage on MWCNTs, we have analyzed 
the diameter of coated MWCNT from SEM images with 10 points  
Figure 2. Schematic illustration showing the PZT-coated MWCNT 
diameter position assumed from SEM images (a), and average 
diameter of each position measured at several places on template 
(b). 
in each of the 5 positions as described in the schematic of Figure 
2a. The average diameter of each position measured at several 
places on the template is shown in Figure 2b. The improvement of 
step coverage in coating onto MWCNTs at higher temperatures 
was confirmed. This is due to the immediate drying out of 
deposited mist before it slides down to the bottom of MWCNT. 
Figure 3a shows cross-sectional transmission electron microscope 
(TEM) image of PZT coated MWCNTs deposited at template 
temperature of 260oC. In Figure 3b, energy dispersive X-ray 
spectroscopy (EDS) and mapping shows that deposited film 
contains Pb and oxygen, although the Zr and Ti concentrations are 
lower than stoichiometric.  No crystallographic identification of 
PZT (e.g., from TEM) has yet been made; nor have attempts been 
made to distinguish pyrochlore from perovskite phases.  Related 
studies in our group suggest that the product contains both PZT 
and PbO.[19] However, the MWCNT appear to have siphoned up 
some of the Si from substrate. Since the reacted MWCNTs were 
then not very good conductors, ferroelectric and piezoelectric 
properties cannot yet be characterized. By using metallic 
substrates we will presently try to avoid this migration during the 
crystallization process.  
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Figure 3. Cross-section TEM images of PZT coated MWCNTs (a), 
and EDS and mapping of Pb, O, C and Si (b). 
In conclusion, we have developed a technique to control mist 
penetrability and fluidity to ensure good step coverage of carbon 
nanotubes while preventing their combustion. We have used this 
technique to conformally deposit PZT as a first step towards the 
eventual integration in future 3D FeRAM nanostructures. We 
recognize that MWCNTs need to be grown on substrate with 
conductive layer, such as Nb, Pt, etc. to preserve MWCNTs as 
high conductive electrodes, thus avoiding Si contamination in the 
MWCNTs from migrated material from the substrate. This, in turn, 
will enable the verification of ferroelectric switching. The 
nanoscale capacitor structures of ferroelectric PZT film with 
MWCNTs electrodes have the potential to achieve ultrahigh 
integration density FeRAMs, thus replacing the Si pillar structure 
in future.  
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